Abstract Information on the response of temporary depressional wetland diatoms to human-induced disturbances is a limited and important component for the development of temporary wetland biological assessments in human-modified landscapes. Establishing a reference condition of variation due to natural disturbances in depressional wetlands using diatoms is necessary for further investigations of anthropogenic impacts. We examined the temporal and spatial responses of epiphytic diatom communities to natural environmental disturbances within three least disturbed wetlands in the Mpumalanga Province, South Africa. Alkalinity, Na
Africa. Alkalinity, Na
? and Cl -, water depth and total relative evapotranspiration (ETo) accounted for the highest proportion of temporal variation in composition of epiphytic diatoms, as revealed by canonical correspondence analysis (CCA). Alkalinity, Na
? , and Cl -explained a much higher proportion of species variation, using partial CCA. A simple WA with inverse deshrinking produced reasonably robust models for Na ? (r boot 2 = 0.71), depth (r boot 2 = 0.64) and alkalinity (r boot 2 = 0.46), not for Cl -and ETo. We determined species optima and tolerances for Na ? , depth and alkalinity which can facilitate identification of anthropogenic impacts based on changes of indicator taxa assemblages. Our study provides a basis for newly developed quantitative tools to be used in biomonitoring studies and evaluations of reference conditions for temporary wetland management.
Introduction
Despite the widespread recognition of diatoms as a valuable indicator tool in wetland biological assessments (Gaiser & Rühland, 2010) , research on the use of diatoms to assess the biological condition of depressional wetlands is limited (Lane et al., 2009 ). Nevertheless, the usefulness of diatoms as a biological assessment tool in depressional wetlands has been demonstrated in several studies based mostly in the USA (e.g. epiphytic and benthic multimetric indices for Florida isolated marshes and cypress dome condition: Lane, 2007; Lane & Brown, 2007; Reiss et al., 2010 ; benthic diatoms in forested wetlands along a hydrological gradient: Lane et al., 2009 ; relationships between paleo-diatoms and hydrologic permanence in Carolina Bays by Gaiser et al., 1998 Gaiser et al., , 2001 Gaiser et al., , 2004 ) and a few studies in Mediterranean climate regions (e.g. indicator taxa along a gradient of anthropogenic pressure in ponds: Della Bella et al., 2007; Della Bella & Mancini, 2009) . Wetland biological assessments using algae have focused on diatoms as they are often the most abundant, species-rich group of algae within the phytobenthos or periphyton (Bennion et al., 2010) , and the taxonomy and autecology of freshwater diatoms are relatively well established (USEPA, 2016) .
Depressional wetlands, those encompassed by upland habitat (Tiner, 2003) , have exceedingly dense occurrences in the Mpumalanga Highveld region of South Africa (Riato et al., 2014) . The wetlands in this region are diverse in flora and fauna and can contain endemic species, the status of which is critical to compliance with the National Environmental Management: Biodiversity Act (2004) . Much of the significance associated with depressional wetlands is attributed to biodiversity. A rich biota is often associated with these wetlands that studies have shown to be partly ascribed to the effects of hydroperiod duration (Gaiser & Johansen, 2000; Dimitriou et al., 2009) . Consequently, loss of depressional wetlands may have a greater impact on regional biodiversity comparative to other wetland types (Leibowitz, 2003) .
Increasing coal mining and agricultural operations in the Mpumalanga Highveld have contributed to substantial loss and degradation of depressional wetlands as a result of hydrological modifications, toxic heavy and/or trace metal contamination, salinisation and nutrient enrichment (CSIR, 2010; Ochieng et al., 2010) . The physical and chemical properties of water in aquatic ecosystems (e.g. pH, ionic composition, nutrient availability and light) are not only influenced by anthropogenic impacts but also natural processes (Stenger-Kovács et al., 2013) . In order to understand the anthropogenic impacts on wetland systems, their influences must be characterised as distinct from those due to natural environmental variability.
Depressional wetlands, specifically temporally hydrated systems, can undergo substantial natural hydrological variability and fluctuations in ionic concentration and composition related to seasonal or longer-term climatic fluctuations (Gasse et al., 1995) . In closed-basin systems such as these depressional wetlands, seasonal variations of precipitation and evaporation successively concentrate and dilute the water and in turn cause significant changes in ionic concentration and composition (Saros & Fritz, 2000; Leibowitz et al., 2016) . Ionic concentration and composition have been found to be the most important factors influencing the structure of temporary wetland diatom communities as a result of seasonal and climate-driven changes (Gasse et al., 1995; Gell et al., 2002; Tibby et al., 2007) .
Diatoms are widely used as indicators to monitor environmental changes due to their range of response to ionic content and composition (Potapova & Charles, 2003) . Numerous diatom-based inference models for estimating ionic concentration have been developed using large deep-lake datasets (e.g. Fritz et al., 1993; Cumming et al., 1995) . Some studies have developed similar models for inferring lake water alkalinity (e.g. Roux et al., 1991; Köster et al., 2004) . Few studies have developed inference models using depressional wetlands, though existing studies have demonstrated strong model performances in measuring salinity and ionic composition of large spatial datasets from North and East Africa (Gasse et al., 1995) , and on a smaller spatial scale, salinity estimates derived from several seasonally monitored sites in Australia (Tibby et al., 2007) . In addition, Gaiser et al. (1998) examined the relationship of diatoms to hydrological properties, such as water-level fluctuations and drying in temporary ponds, and developed robust hydroperiod inference models for intermittent ponds of the Atlantic Coastal Plain.
In South Africa, biological assessment techniques for river health assessments are well established (e.g. Dickens & Graham, 2002; Taylor et al., 2005) . In the case of South African wetlands, however, there is currently no definitive, well-developed method for assessing ecological condition (Rountree et al., 2013) . Such methods are fundamental to the effective management, monitoring and rehabilitation of wetlands, and are also a requirement of the South African National Water Act (NWA, 1998) . Biological monitoring techniques using macroinvertebrates and macrophytes to determine the ecological integrity of wetlands (mainly depressional wetlands) in the Western Cape Province and the Mpumalanga Highveld region performed poorly (Bird & Day, 2010; Day & Malan, 2010; Ferreira et al., 2012) . Studies in both temporary and permanent depressional wetlands showed that macroinvertebrate compositions were largely determined by environmental and spatiotemporal factors independent of human disturbances Bird et al., 2013) . Problems have been encountered using macrophytes as biological indicators due to a lack of basic ecological information on wetland plant taxa in South Africa. In addition, little is known about the composition and function of diatom communities in depressional wetlands in the Mpumalanga Highveld region, and there are no diatom-based methods to assess ecological quality in this region or throughout South Africa. In recent years, international research of diatoms has focused on tolerance limits of individual diatom species and in search of relationships between species occurrence and environmental variables (e.g. Stenger-Kovács et al., 2007; Potapova, 2011) .
There is an urgent need to develop a biological assessment tool for assessing temporary depressional wetland conditions in the Mpumalanga Highveld region since these wetlands are subject to pollutants and habitat alterations that affect aquatic ecosystem condition. The research presented here examines three least disturbed natural temporary depressional wetlands during various stages of inundation. The main goal was to investigate whether diatoms are suitable indicators of changing environmental conditions in these wetland types by assessing the strength of the relationships between species occurrence and environmental variables. It achieves this through the completion of three aims: (a) to determine the most important variables structuring diatom species composition between the three wetlands and within each wetland; (b) to develop quantitative inference models specific to the most important environmental variables between the three wetlands; and (c) to identify diatom indicator taxa for the most robust inference models.
Materials and methods

Study area
The study area is located in the Bapsfontein region of South Africa, which borders the Mpumalanga Highveld at an altitude of 1,606 m, with underlying geologies of weakly cemented sandstones and fissile shales (Tooth & McCarthy, 2007) . Three temporary depressional wetlands (average water depth \2 m) were selected based on their representativeness of this wetland type in the Mpumalanga Highveld (of which there are approximately 2,600 depressional wetlands in the region), and having similar macrophytes, conductivity, surrounding land-use and close proximity to one another (radius of 1 km) (Fig. 1) . The study sites (S1-S3) were sampled once a month from March 2011 (period of high inundation) to September 2012 (drying out period).
By the end of the sampling period in September 2012, S1 almost dried out completely and S2 and S3 Fig. 1 Map of study area showing location of the depressional wetland sites (S1-S3); inset shows study area location in South Africa Hydrobiologia (2017) 797:127-143 129 were reduced to two shallow pools (July-Sept 2012). This was the limit for collecting data as shortly after S1 was dry, and even though we could still collect water at S2 and S3, we required even sampling for a balanced dataset. When full, S1 and S3 had a surface area of 59,300 and 57,900 m 2 , with a maximum depth of 84.3 and 99.8 cm, and a mean depth of 46.8 and 66.6 cm, respectively, while S2 was the largest of the sites which had a surface area of 202,600 m 2 , a maximum depth of 114.4 cm and a mean depth of 70.7 cm. S3 was similar in surface area to S1 but as its basin profile was more concave, it had a greater depth than S1 and therefore remained inundated throughout the study. S2 also remained inundated throughout the study period as it had a similar depth to S3 with a large surface area.
The study area is situated within the Highveld climate region of South Africa. Here monthly means of daily maximum temperature range from 28 to 30°C in the summer months (December to March), while minimum temperatures in the same months are between 12 and 16°C (Schulze, 1997) . More than half of the precipitation occurs between October and March (with a maximum in January) (Dyson, 2009) . Depressional wetlands in this area are typically ephemeral and tend to be fully inundated during summer and dry out in winter, where water loss is mostly attributable to evaporation (Ferreira, 2012) . From January to March 2011, the late summer rainfall amounted to 447 mm (Agricultural Research Council, Pretoria) which exceeded the average 309 mm over the same period (Dyson, 2009) . Random periods of above-average rainfall can affect the duration of inundation in ephemeral wetlands (Henry et al., 2016) . This phenomenon was observed in all three study sites which remained inundated throughout winter (May-August) in 2011. The land-use in the catchment is mostly dryland cultivation (between 69-74%) and natural grassland (18-19%) . Humaninduced disturbance to wildlife was low as suggested by the presence of African bullfrog Pyxicephalus adspersus and fairy shrimp Anostraca sp.
Sampling and laboratory methods
We collected one sample of epiphytic diatoms from the dominant macrophyte species, Leersia hexandra (approximately 80% of the wetland) at the deepest point in the basin centre at each site to ensure the comparability of diatom community samples between water bodies as recommended by King et al. (2006) . Five submersed macrophyte stem sections were snipped at 5-20 cm below the water surface and placed into a zip lock bag with a small amount of distilled water. Epiphytes were dislodged from all stems by shaking the samples for 2 min following Zimba & Hopson (1997) which allows for the collection of [90% of diatoms attached to stems. We collected a total of 63 samples; 21 samples from each site. Samples were returned to the laboratory where they were acid cleaned and mounted on microscope slides (Battarbee et al., 2001) . We counted 400 valves per sample which has been shown to be sufficient in providing the relevant community structure (Schoeman, 1973; Battarbee, 1986) . We counted along transects and identified to the lowest feasible taxonomic level using standard European diatom floras (such as Krammer & Lange-Bertalot, 1986 Lange-Bertalot, 2000 Lange-Bertalot et al., 2001) , several papers on the Southern African flora by Cholnoky, Schoeman and Archibald (e.g. Schoeman & Archibald, 1976 -1980 , and books and recent papers on Gomphonema taxonomy (e.g. Reichardt & Lange-Bertalot, 1999; Rose & Cox, 2014; Reichardt, 2015) . In this paper, we decided to use an open nomenclature taxonomic terminology, so we have named a taxon as affinis (abbreviated: spec. aff.) when its identification is not complete or certain, but we have observed that it is related to a taxon (or group of these) already known, although showing certain differences with the accepted description of that taxon. As we have doubts whether this could indicate either a new variant or a taxon not yet described, there is need of further studies to elucidate the actual taxonomic location of the material.
We sampled chemical and physical variables at the same location and time as the diatom sampling. Water samples (1 l) were collected in an acid-cleaned, highdensity polyethylene bottle at a preferable depth of approximately 10 cm, and then kept on ice during transportation to the laboratory. Samples were analysed for biological oxygen demand (BOD), NH 4 ? , total Kjeldahl nitrogen (TKN), NO 3 -, NO 2 -, P, PO 4 3-, total phosphorus (TP), Ca 2? , Mg 2? , Na ? , K ? , Cl -, SO 4 2-, dissolved organic carbon (DOC), turbidity, total suspended solids (TSS), alkalinity and conductivity. Analysis was conducted by Waterlab (Pty) Ltd. laboratory in Pretoria following standard procedures (APHA, 1998) . Temperature, pH, dissolved oxygen (DO) and water depth were measured in the field using a Hach HQ40D Dual-Input MultiParameter meter.
We included total relative evapotranspiration (ETo) data in the analysis as a proxy for the seasonal (summer-winter) gradient, in order to determine if ETo had an influence on the distribution of epiphytic diatoms. ETo data, calculated from hourly air temperature and wind speed data using the FAO-56 Penman-Monteith method (Zotarelli et al., 2010) , were collected from the Agricultural Research Council meteorological station located 6 km from the study sites. For each sampling month, we used the monthly ETo, calculated as the mean of the daily ETo values for the sampling month.
Statistical analysis
We used PRIMER 6s (Clarke & Gorley, 2006) analysis of similarity (one-way ANOSIM, BrayCurtis distance measure, 999 permutations) to compare community compositions among the three study sites. We used the R statistic value produced by ANOSIM to assess whether the species composition of each site were significantly different from those of other sites. The R value ranges from -1 (where similarities across different sites are higher than within sites) to 1 (where similarities within sites are higher than between sites) (Clarke & Gorley, 2001 ).We identified the taxa most responsible for dissimilarity between and similarity within sites using similarity percentage analysis (SIMPER) (Clarke, 1993) . We employed non-metric multidimensional scaling (NMDS) to visualise differences in composition among sites using PC-ORD 5.10 ( McCune & Mefford, 2006) .
We conducted canonical correspondence analysis (CCA) using CANOCO 4.5 (ter Braak & Š milauer, 2002) to examine relations between diatom species composition and physical and chemical variables between the three wetland sites (n = 63). We used partial CCA to separate and investigate the relative importance for the species data of sets of explanatory variables on the diatom community (Borcard et al., 1992) . We used step-wise forward selection and Monte Carlo permutation tests (999 permutations) to test the significance (cut-off point of P = 0.05) of the forward selected variables and the CCA and partial CCA axes. The P values were adjusted for multiple comparisons using the Bonferroni correction. Ordination methods based on gradient analysis were unsuitable for exploring environment-species relationships within each wetland site because of the reduced number of samples (n = 21). For this reason, we examined differences in environmental variables pairwise between sites using the Tukey honest significant difference (HSD) post hoc test, following an analysis of variance (ANOVA).
To estimate the width of ecological niches of selected common taxa, we developed and validated weighted-averaging (WA) regression and calibration models using C2 1.7.2 (Juggins, 2003) . WA values using common methods [WA with inverse deshrinking (WA-inv), WA with classical deshrinking (WA-class) and WA with tolerance down weighting (WAT)] were calculated for the physical and chemical variables identified as most highly correlated with the CCA axes. The performance of the models was evaluated by comparing the coefficient of determination (r 2 ) between diatom-inferred and observed values for physical and chemical variables of interest and the apparent root mean squared error (RMSE). WA models were tested using the bootstrapping crossvalidation method which corrects for overly optimistic estimates of model performance (Birks et al., 1990) .We selected the best performance models as those with the lowest RMSEP and the highest bootstrapped r 2 value (Lotter et al., 1997) . We applied outlier analysis with a cut-off of three standard deviations in PC-ORD. We used WA regression to estimate the ecological optima and tolerances along the variable gradient of interest for each taxon.
A taxon can be classified as a good indicator if it has a strong correlation to the environmental variable of importance, a narrow tolerance, a well-defined optimum and a high abundance (Stevenson et al., 1991) . Taxa with a high N2 are likely to have well-defined optima, where N2 is Hill's (Hill, 1973 ) diversity measure. We calculated Pearson correlation coefficients to investigate the strength of the relationships between the most common taxa and the most robust inference models in order to identify strong indicators of environmental change.
We square root transformed taxa abundance in all analyses to reduce the effect of highly variable population densities on ordination scores. Only those species that reached relative abundance of at least 1% in at least four samples per dataset were included in the analyses to reduce the influence of rare taxa. Relative abundance of 1% is widely used in diatom assessments as the cutting line between rare and common taxa (Potapova & Charles, 2002 . Excluding taxa based on their frequency of occurrences can vary among studies, e.g. 10 or less samples (Potapova & Charles, 2004) or 5 or less samples (Gillett et al., 2011) . In our study, we selected at least four samples which, together with removing at least 1% relative abundance, was a suitable cut-off for the removal of rare taxa from our dataset.
We used distribution plots and skewness testing to evaluate whether the physical and chemical variables should be transformed to normalise the data distributions. All variables, except depth, were log transformed to reduce skewness and normalise distributions.
Results
Physical and chemical characteristics of sites
There was a clear seasonal pattern in ETo and rainfall during the study period (Fig. 2) . ETo and rainfall decreased at the end of summer 2011 and remained relatively low (mean ETo 2.18 mm, rainfall range 0-0.54 mm), up until the end of winter/beginning of spring 2011 when there was a significant increase in ETo and rainfall, both reaching maximum values in mid-summer 2011(mean 4.76 and 5.24 mm, respectively). This was followed by a steady decline in ETo until mid-winter 2012 (mean 1.9 mm) after which there was a rapid increase in ETo until the end of sampling (mean 3.66 mm). During mid-summer 2011 until autumn/winter 2012, there was a substantial decrease in rainfall (from mean 5.24 to 0.3 mm); thereafter there was very little rainfall until the end of sampling. At all three sites, water levels gradually declined from winter 2011 (range 84.3-114.4 cm) until the end of sampling (range 2.1-27.8 mm), even during the heaviest rain events in mid-summer 2011.
A relatively narrow range of physical and chemical variables were observed among the three sites (Table 1) . The sites were characterised by a reasonably low ionic content where mean pH ranged from 7.2 to 7.5 and mean conductivity from 147 to 155.8 lS cm -1 . The highest conductivities were measured at the end of the sampling period when the sites were drying out. Maximum conductivities at S1 and S2 were 460 and 438 lS cm -1 , respectively, which was relatively higher than at S3 (313 lS cm -1 ). Similarly, indicators of organic matter concentrations (e.g. TSS and TKN) were highest at all sites during the drying out phase (Table 1) where concentrations of organic matter were substantially higher at S1 and S2 (e.g. Max TSS S1: 3136, S2: 3322 and S3: 296 mg l -1 ). Nutrient concentrations were low at all sites where mean TP ranged from 0.4 to 1.2 mg l -1 and mean NO 3 and NO 2 from 0.2 to 0.5 mg l -1 . ANOVA indicated significant differences in mean depth, Na ? , Cl -, Ca 2? , K ? , DOC and DO among the three sites ( Fig. 3; Table 1 ). A post hoc Tukey test (P \ 0.05) showed that site S1 differed significantly from S2 and S3 in depth and DO; all sites differed significantly in Na ? ; S2 differed significantly from S1 and S3 in Cl -and Ca 2? ; and S1 differed significantly from S2 in K ? and DOC but both sites were not significantly different from S3 (Fig. 3) .
Composition
A total of sixty-three diatom samples were analysed, and 83 taxa were identified. The most frequently observed taxa at each site was somewhat variable (S1, Nitzschia acidoclinata Lange-Bertalot: (27% of the identified valves), Encyonema mesianum (Cholnoky) Mann: (23%), Eunotia bilunaris (Ehrenberg) Schaarschmidt: (14%); S2, Nitzschia acidoclinata: (43%), Nitzschia gracilis Hantzsch: (18%); S3, Nitzschia acidoclinata: (17%), Achnanthidium minutissimum (Kützing) Czarnecki: (14%), morphologically similar Gomphonema spec. aff. angustatum (Kützing) Rabenhorst: (11%), Encyonema mesianum: (9%)). ANOSIM indicated significant differences (global R = 0.43, P \ 0.001) in diatom taxa composition between the three study sites. The analysis revealed that variation in diatom taxa composition was greater among sites than within each site, as significant differences were identified between S1 and S2 (R value 0.50, P \ 0.001), S1 and S3 (R value 0.34, P \ 0.001) and S2 and S3 (R value 0.45, P \ 0.001). Nitzschia acidoclinata was significantly more widespread at S2 than in S1 and S3, where it contributed to over 30% of the similarity as revealed by SIMPER (Appendix 1-Electronic Supplementary Material). Only two taxa contributed up to 50% of the average similarity at S2 (Nitzschia gracilis being the second top contributor). For this reason, S2 diatom communities varied less during the sampling period, as indicated by the highest average similarity (S2: 58.4%, S1: 54.3%, S3: 51%). NMDS ordination illustrated this pattern where S2 diatom communities varied the least through time in S2 (the closer the numbered symbols, the more similar the diatom community between sampling months) (Fig. 4) . The strong separation of S3 monthly samples indicated that S3 communities were the least similar relative to S1 and S2 communities (Fig. 4) . S3 displayed the most variation in taxa composition, as reflected by the lowest average similarity and was characterised by the presence of Gomphonema spec. aff. angustatum and Achnanthidium minutissimum which were not common at any other site. S1 communities varied less through time, but to a lesser extent than communities at S3 (Fig. 4) . Taxa which contributed the most to the similarity within S1 were N. acidoclinata, Encyonema mesianum and Eunotia bilunaris (Appendix 1-Electronic Supplementary Material).
Environmental predictors CCA was performed on 50 diatom taxa (after removal of rare taxa) in order to assess which were the most structuring environmental variables. Alkalinity, Na ? , Cl -, depth, and ETo were the most important variables that contributed the most to structuring the diatom communities; these variables significantly correlated with all four axes (999 Monte Carlo permutations, P = 0.01 following Bonferroni correction) and represented 55.5% of the total explained variation in diatom species distributions. Alkalinity and Na ? accounted for the largest portion of the total unconstrained variance (9.4% each). The first two axes explained the largest portion of variance in the species data. The first axis explained 14.5% of the variation in diatom species composition and was associated with alkalinity, depth and ETo, variables determined by local climate to fluctuations in both water level and water chemistry in response to seasonal changes ( Fig. 5 ; Table 2 ). The second axis explained 8.9% of the variation in the species data and was related to Na ? and Cl -which reflect the marine origins of the bedrocks.
At the beginning of sampling in March 2011, the diatom communities in all three sites were located in the upper right quadrant of the plot which corresponded to the high water levels recorded at each site in the first month of sampling (Fig. 5) . Over the course of sampling, S1-S3 communities responded initially to water-level fluctuations, followed by changes in ionic concentration (alkalinity) and/or composition (Na ? , Cl -), but the shifts in community structure for all three sites did not occur simultaneously for the most part of the study. In all three sites, we observed a distinct diatom species composition change in early summer (month 10); this coincided with a steady decline in ETo (Fig. 2) . The S2 and S3 diatom communities were gathered along the depth gradient during the first 8-9 months of sampling. In month 10, paralleled with Max ETo, S2 communities shifted to the upper left quadrant where they were dispersed along an alkalinity gradient throughout the second half period of sampling, whilst S3 communities shifted to the lower left quadrant where they responded to fluctuations in alkalinity, and Na ? and Cl -ions. In contrast, S1 communities exhibited a significant change in community structure immediately after the first sampling month at the onset of autumn (the start of the dry season). Figure 5a illustrates a notable shift in S1 communities in month 2 to the bottom lower quadrant associated with Cl -. S1 communities were gathered around the Cl -gradient until month 10 (Max ETo reached) where communities shifted between Na ? and Cl -until the end of the study.
Effects of ionic composition and concentration versus hydrological factor
CCA showed that 31.1% of the total variation in the species composition could be explained by all five major variables: alkalinity, depth, ETo, Na ? and Cl -. The variance explained by the interactions between the two sets of variables, which included alkalinity, depth and ETo on CCA axis 1, and Na ? and Cl -on CCA axis 2, was 24.3 and 17.1%, respectively, using partial CCA.
Alkalinity is not only related to depth and total relative evapotranspiration, but it is also related to ionic concentration. In order to determine how much of the influence on the variance in species composition was a result of hydrological factors, depth and ETo, and how much was a consequence of the effect of ionic concentration (alkalinity) and composition (Na ? , Cl -), we tested the variance explained by the hydrological factors after partitioning out the effects of the other three variables (alkalinity, Na ? and Cl -). Ionic concentration (alkalinity) and composition (Na ? , Cl -) independently explained a much higher proportion (25.3%) of species variation than the hydrological factors, while the hydrological factors accounted for 10.8% of the variance.
Diatom Inference models
We developed diatom-based inference models for the five most important variables, alkalinity, Na ? , Cl -, depth and ETo, using the 63-sample dataset. A simple weighted-averaging model with inverse deshrinking (WA-inv) provided the highest predictive powers. Only WA-inv results are reported here (Table 3) . Na ? and depth produced the best performing models where diatom-inferred Na ? was correlated with measured values with r 2 of 0.79 and predicted r boot 2 of 0.71, and diatom-inferred depth with an r 2 of 0.70 and r boot 2 of 0.64 ( Fig. 6; Table 3 ). In comparison to the Na ? and depth models, alkalinity provided moderate performance with an r 2 of 0.57 and r boot 2 of 0.46 between measured and predicted alkalinity. The Cl -and ETo models displayed little robustness judged by bootstrapping of the dataset which produced an extremely low r boot 2 of 0.22 and 0.11, respectively. Outlier analysis identified two outlier samples; one sample had an extremely low depth value and the other sample contained a high relative abundance of Eunotia bilunaris. The two samples were excluded from the analysis; no taxa were removed from the dataset as a Fig. 4 Non-metric multidimensional scaling (NMDS) ordinations of diatom communities from the three study sites during each month of sampling (n = 21 months/site). Numbers refer to each consecutive sampling month from March 2011 to September 2012. The stress value, 18.79, for our NMDS with two dimensions falls under 'Usable' (Clarke, 1993) c Fig. 5 Canonical correspondence analysis (CCA) ordination plots for a S1, b S2 and c S3 diatom communities and significantly correlated physical and chemical variables. The dotted line shows the trajectory of successive sampling months in the ordination space. The number refers to each sampling month. Percentage of explained variance for axes 1 and 2 is shown result. The 61-sample dataset only marginally improved the model performance statistics (Table 3) .
Indicator taxa WA optima and tolerances of 50 taxa determined for Na ? , depth and alkalinity are shown in Appendix 2-Electronic Supplementary Material. Despite the relatively narrow range of Na ? in all three sites, Na ? influenced diatom species composition. For example, low Na ? sites were characterised by high relative abundances of Gomphonema spec. aff. angustatum, Gomphonema exilissimum (Grunow) Lange-Bertalot & Reichardt and Nitzschia palea var. debilis (Kützing) Grunow (optima range 3.3-3.7 mg l -1 ). As Na ? increased, Achnanthidium minutissimum, Encyonema mesianum and Gomphonema parvulum (Kützing) Kützing sensu lato became dominant (optima range 7.6-9.5 mg l -1 ). Changes were also observed in diatom species composition along the alkalinity and depth gradient (Appendix 2-Electronic Supplementary Material). Diatom assemblages were dominated by Achnanthidium minutissimum and Nitzschia fruticosa Hustedt in sites where depth was low and alkalinity was high (optima depth range: 47-47.4 cm; alkalinity: 82.7-83.6 mg l -1 ), indicating the drying out period. Conversely, as depth increased and alkalinity decreased, Nitzschia palea var. debilis and Gomphonema auritum Braun ex Kützing became dominant (optima depth: 76-71.8 cm; alkalinity: 49.9-57.6 mg l -1 ), indicating high inundation. Of the most common taxa (Hills' N2 [ 25, Reavie & Smol, 2001) , Nitzschia palea var. debilis, Gomphonema exilissimum, Gomphonema spec. aff. angustatum and Gomphonema spiculoides Gandhi showed significant correlations and a narrow tolerance to both Na ? and alkalinity (Appendices 2, 3-Electronic Supplementary Material). Encyonema mesianum, Achnanthidium minutissimum, Nitzschia fruticosa, Nitzschia palea var. debilis and Gomphonema auritum displayed a relatively narrow range and strong correlation with depth.
Discussion
Diatom species composition
Comparing species composition among the three study sites, the assemblage structures of the sites were The variables listed explained significant (Bonferroni corrected; P = 0.01) variation in diatom species data The apparent correlation between diatom-inferred and observed (r 2 ) and the root mean squared error (RMSE) are presented. A more conservative measure of WA model performance was obtained using the bootstrapping cross-validation method to derive estimates of RMSE of Prediction (RMSEP) and bootstrapped r 2 (r boot 2 ) different and different species dominated. Site S2 was the most species homogenous of the three sites in which motile diatoms (fast moving species) Nitzschia acidoclinata and Nitzschia gracilis generally dominated the biofilm throughout the study. S2 was significantly Ca 2? richer and Na ? poorer (Fig. 3 ) compared to the other two sites. Studies have demonstrated the importance of Ca 2? in diatom assemblage structure (e.g. Patrick & Reimer, 1966; Blinn, 1993; Potapova & Charles, 2003) . Ca 2? is important for growth and motility where motile taxa such as the Nitzschia genus utilise this ion for regulation of locomotion (Cohn & Disparti, 1994) . Nevertheless, the demand for Ca 2? is widely variable among individual diatom taxa (Vymazal, 1995) and undefined for this species dataset.
Moreover, Potapova & Charles (2003) found that many diatoms with relatively high optima for base cations (such as Ca ? ) had low optima for Na ? ; from which they concluded that the ratio of monovalent to divalent cations was a major factor influencing diatom species composition (see also, Gasse et al., 1983) . It remains unclear, however, as to what extent the composition of major ions influenced the diatom assemblage structure at S2. In contrast, site S3 displayed the most variation in species composition of all three sites. It was also associated with more stable water levels, lower turbulence and suspended solids throughout the study (Table 1) . Water-level fluctuations can directly affect sedimentation, resuspension and the biogeochemical cycle in shallow depressions (Niemistö et al., 2008) . This may result in large changes in the composition of epiphytic assemblages, and in extreme cases, where water depth and/or water clarity start to restrict growth, certain taxa may be removed completely (Leira et al., 2015) . It is, therefore, conceivable that the stable water level and low turbid environment found at 
Environmental predictors Alkalinity and ionic composition (essentially Na
? and Cl -) were the most important explanatory variables of epiphytic diatom community composition in temporary depressional wetlands, as revealed by CCA. Patterns of diatom distribution could be attributed not only to hydrochemical variation, but also to hydrological processes. Hydrological factors, depth and total relative evapotranspiration were the second most important variables structuring diatom assemblages. As already demonstrated by several investigators (e.g. Blinn, 1993; Yang & Duthie, 1995; Gregory-Eaves et al., 1999; Köster et al., 2004) , the concentration and composition of major ions, including Na ? and Cl -, as well as water depth, are important predictors of the diatom distribution in lentic systems (deep lakes).
At sites S2 and S3, the deepest sites, the seasonal successions of species were largely explained by the depth gradient. In S1, which was significantly shallower than the other two sites (Fig. 3) , ionic composition explained the largest portion of the variance in communities (Fig. 5) . S1 displayed the largest variability in Na ? and Cl -in comparison to S2 and S3 (Fig. 3) . With respect to temporal variability of the chemical composition in S1, changes were more rapid than in S2 and S3. The variation in major ions is more acute in shallower wetlands than in deeper wetlands because shallower wetlands are more affected by changes in the hydrologic budget that can strongly influence water level and water chemistry (Caramujo & Boavida, 2010) .
At the start of sampling, all sites were similar in that all communities correlated to depth. As sampling continued, the ionic content of each wetland evolved differently and in turn, differences in community composition were observed among the sites. Despite these differences, all sites showed a strong seasonal succession in diatom communities in early summer 2011, which coincided with a steep elevation in ETo, reaching maximum ETo value (Fig. 2) . This demonstrates how wetlands are intricately tied to the climate system whereby climatic changes have the potential to significantly alter wetland hydrology and chemistry, and in turn affect the species composition of the wetland's biota (Fritz et al., 2010) .
Throughout the study, the species composition at the three sites shifted according to differences in alkalinity and Na ? and Cl -. The strength and composition of major ions may affect nutrient availability to diatoms (Tuchman et al., 1984; Saros & Fritz, 2000; Hagerthey et al., 2011) . For example, an increase in Na ? can promote the transport of silicate, a nutrient across the cell membrane (Bhattacharyya & Volcani, 1980) . The amount of bicarbonate (HCO 3 -) and carbonate (CO 3 2-) (alkalinity) in the water influences the availability of Ca 2? and Mg 2? which has implications on the growth of diatoms (Potapova & Charles, 2003) .
Diatom inference models
The diatom inference model (WA-inv) for Na ? developed from our depressional wetland dataset had the highest performance ( Fig. 6 ; Table 3 ). Our bootstrapped statistics for Na ? (r 2 = 0.71) indicated that our Na ? model was robust and quantifiable. Na ? can be related to human activities such as mining and agriculture. For example, it can be used in the treatment of acid mine water in the form of sodium carbonate (Na 2 CO 3 ), the substance known as soda ash (Sheoran & Sheoran, 2006) . It can also be used in animal farming because of the requirement of animal systems for salt (Na ? Cl -). Our models of alkalinity had moderate performance statistics ( Fig. 6; Table 3 ). There is no comparable statistical information on Na ? , alkalinity and depth models derived from wetlands. The Cl -and ETo inference models developed in our study had very poor predictive power. Poor performance of Cl -and ETo models was much more evident after bootstrapping, and model performances did not improve significantly upon deleting outlier samples. Our models were developed from intensely monitored sites as opposed to snap shot measurements. To further strengthen our inference models, we could increase the sample size of our calibration set (e.g. Wilson et al., 1996) by sampling more sites in the region over a longer period.
Indicator taxa
Common taxa well correlated with Na ? , depth and alkalinity, and with narrow tolerance ranges may facilitate identification of anthropogenic impacts in these wetlands and possibly similar wetlands in the region, based on their presence versus absence and/or changes in abundance. Strong indicators include Gomphonema exilissimum, Gomphonema spiculoides and Nitzschia palea var. debilis which had the lowest Na ? and alkaline optimas; studies show that these taxa only appear in oligotrophic, slightly acid waters with low electrolyte content (Krammer et al., 1988; Karthick et al., 2011; Hofmann et al., 2013; Jüttner et al., 2013) . Nitzschia fruticosa was affiliated with higher alkaline optimas and has also been described as favouring alkaline habitats in the Lake Victoria basin, East Africa (Triest et al., 2012) . Rare taxon Hantzschia amphioxys (Ehrenberg) Grunow had the highest alkalinity optima and one of the lowest depth optima, indicating its ability to tolerate drier habitats. This aerophilic taxon is a soil diatom favouring lowmoisture environments and has been correlated with low hydroperiod optima in temporary depressions elsewhere (Gaiser et al., 1998) .
Conclusion
Results generated from this study demonstrate the utility of epiphytic diatoms as indicators of changing environmental conditions in temporary depressional wetlands in the Mpumalanga Highveld. Based on the strong correlations between the diatom species composition and a number of environmental variables, we were able to establish a robust model of reference condition of this wetland type in the region. For this reason, monitoring of epiphytic diatom assemblages may present a possible alternative in the environmental assessment of depressional wetlands in the Mpumalanga Highveld and possibly other regions of South Africa, where the use of other types of bioindicators, such as macroinvertebrates and macrophytes, have proven to be ineffective. Future research on species-specific responses to anthropogenic impacts in the region (e.g. mining, agriculture) is recommended. Our standardised sampling methods allow for further work to develop this training set by investigating a variety of depressional wetlands in the region that encompass a wide range of ionic content, both natural and humaninduced, over longer periods, thereby providing a more comprehensive assessment of ecological inference models.
